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PTBP1 is required for glucose-stimulated (1)™* 
cap-independent translation of insulin granule 
proteins and Coxsackieviruses in beta cells 

Klaus-Peter Knoch 1 ' 2 , Suchita Nath-Sain 1 ' 2 , Antje Petzold 1 ' 2 , Hendryk Schneider 1 ' 2 , Mike Beck 1 ' 2 , 
Carolin Wegbrod ' , Anke Sonmez 1,2 , Carla Munster ' , Anne Friedrich 1 ' 2 , Merja Roivainen 3 , 
Michele Solimena 1 ' 4, 

ABSTRACT 

Glucose and GLP-1 stimulate not only insulin secretion, but also the post-transcriptional induction of insulin granule biogenesis. This process 
involves the nucleocytoplasmic translocation of the RNA binding protein PTBP1 . Binding of PTBP1 to the 3'-UTRs of mRNAs for insulin and other 
cargoes of beta cell granules increases their stability. Here we show that glucose enhances also the binding of PTBP1 to the 5'-UTRs of these 
transcripts, which display IRES activity, and their translation exclusively in a cap-independent fashion. Accordingly, glucose-induced biosyn- 
thesis of granule cargoes was unaffected by pharmacological, genetic or Coxsackievirus-mediated inhibition of cap-dependent translation. 
Infection with Coxsackieviruses, which also depend on PTBP1 for their own cap-independent translation, reduced instead granule stores and 
insulin release. These findings provide insight into the mechanism for glucose-induction of insulin granule production and on how Coxsack- 
ieviruses, which have been implicated in the pathogenesis of type 1 diabetes, can foster beta cell failure. 

© 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.Org/licenses/by-nc-nd/3.0/). 
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1. INTRODUCTION 

Hyperglycemia and incretins prompt pancreatic beta cells to produce 
and release insulin. Rapid induction of insulin granule biogenesis to 
replenish the hormone stores is of physiological relevance given the 
preferential release of newly synthetized insulin [1 —3]. This process is 
not transcriptionally regulated, but depends on post-transcriptional 
mechanisms involving polypyrimidine tract-binding protein 1 (PTBP1) 
[4,5]. PTBP1 binds to polypyrimidine-rich sequences [6] of single- 
stranded RNAs and has been implicated in alternative splicing [6,7] 
and polyadenylation of pre-mRNAs [8] as well as stability [4,5] and 
translation initiation [9] of mRNAs. 

Stimulation of insulinoma and primary beta cells with glucose and 
GLP-1 induces PTBP1 translocation from the nucleus to the cytosol 
[5,10,11]. Binding of cytosolic PTBP1 to the 3'-untranslated regions 
(UTRs) of mRNAs for insulin and other insulin granule proteins en- 
hances their stability and translation, and thereby granule biogenesis, 
while silencing of PTBP1 in insulinoma cells inhibits glucose- and 
incretin-stimulated insulin secretion [4,5,10,12], Notably, the impaired 
ability of diabetic islets isolated from partially pancreatectomized 
subjects to rapidly upregulate total insulin levels in response to 



glucose-stimulation correlates with increased nuclear retention of 
PTBP1 [11]. Furthermore, PTBP1 has been identified as a novel risk 
gene for type 2 diabetes associated with reduced insulin secretion 
[13]. Hence, the study of PTBP1 function in beta cells is relevant for 
type 2 diabetes. 

PTBP1 is a key internal ribosomal entry site (IRES)-trans-acting 
factor (ITAF) for cap-independent translation of various positive 
single-stranded RNA viruses [7,14—16], including human Entero- 
viruses (EVs). In the case of cap-dependent translation interaction of 
elF4G/A complex with the cap-binding protein elF4E results in the 
recruitment of the 40S ribosomal subunit to the very 5'-terminus of 
m 7 GpppN-capped mRNAs. Cap-independent translation involves 
instead the recruitment of the 40S ribosomal subunit to c/s-acting 
IRES located within the 5'-UTR of RNAs, in closer proximity to the 
start codon for translation [15,17,18]. EVs inhibit translation of the 
host cell while exploiting its translational machinery for cap- 
independent translation of their uncapped RNA genome [19,20]. 
Intriguingly, EVs such as Coxsackieviruses are regarded among the 
environmental factors that may trigger or accentuate loss of im- 
mune self-tolerance towards beta cells in type 1 diabetes (T1D) 
[21-24]. 
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In this study we sought to investigate whether glucose-dependent, 
PTBP1 -regulated translation of mRNAs for insulin granule proteins is 
cap-independent and whether this process is affected upon infection of 
rodent insulinoma INS-1 and MIN6 cells as well as mouse pancreatic 
islets with Coxsackieviruses. 

2. MATERIAL AND METHODS 

2.1. Material 

The following commercial antibodies were employed: mouse monoclonal 
antibodies anti-PTBP1 , anti-V5 (Invitrogen), anti-m3G/m7G-cap (Synaptic 
System), anti-y-tubulin and anti-insulin (for western blotting) (Sigma), 
rabbit polyclonal antibodies anti-elF4E, anti-ph-elF4E (Ser-209), anti-4E- 
BP, anti-elF4G, anti-AKT, anti-ph-AKT (Ser-473), anti-p70S6K, anti-ph- 
p70S6K (Thr-389) and anti-PABP (Cell Signaling Technology), anti-CgA 
(Abeam), anti-PC1/3 and anti-PC2 (GeneTex), guinea pig antibody anti- 
insulin (for immunocytochemistry) (Abeam), goat anti-mouse, anti-rab- 
bit and anti-guinea pig IgGs conjugated with Alexa 488 or Alexa 568 
(Molecular Probes), goat anti-mouse and anti-rabbit IgGs conjugated to 
horseradish peroxidase (Bio-Rad). The mouse anti-ICA51 2 mAb has been 
previously described in Ref. [25]. The following reagents were from 
commercial sources: Rapamycin and LY294002 (Cell Signaling Tech- 
nology), the elF4E/elF4G interaction inhibitor (Calbiochem), m 7 GpppG 
cap-analog (New England Biolabs), m 7 GTP-Sepharose (GE Healthcare) 
and Dynabeads M270 streptavidin (Invitrogen), reagents for luciferase 
assay (Promega), 35 S-methionine (Hartmann-Analytics), pro-/insulin 
ELISA (Mercodia) and insulin RIA (Millipore). 

2.2. Islet isolation and cell culture 

Pancreatic islets were isolated from C57BL/6JRj mice by collagenase 
digestion and density gradient centrifugation as described previously in 
Ref. [26]. Mouse insulinoma MIN6 and rat insulinoma INS-1 cells were 
kind gifts from Jun-ichi Miyazaki (Osaka, Japan) and Claes Wollheim 
(Geneve, Switzerland), respectively, and were cultured as described in 
Refs. [5,27]. Cells were kept in resting medium (15 mM HEPES, pH 
7.4, 5 mM KCI, 120 mM NaCI, 24 mM NaHC0 3 , 1 mM MgCI 2 , 2 mM 
CaCI 2 , 3.3 mM glucose, 1 mg/ml ovalbumin) for 1 h before stimulation 
for 2 h by addition of glucose as indicated. All inhibitors were added at 
the indicated concentrations to the resting and stimulating media. Two 
hours after stimulation with glucose cells or islets were harvested. De 
novo protein synthesis was validated by metabolic labeling of MIN6 
cells with 100 u.Ci 35 S-methionine/35 mm well for 2 h. After 5 washes 
the cells were extracted in lysis buffer containing 1% Triton X-100. 
After normalization of the protein concentrations the immunoprecipi- 
tations was carried out following standard protocols [28]. Biosynthesis 
of insulin was investigated as described in Ref. [29]. 

2.3. Cloning 

The 5'-UTRs of rat PC1/3, PC2, insulinl and 2 were amplified by RT- 
PCR from INS-1 cell total RNA and cloned into pGL3-B (Promega). The 
5'-UTR of rat ICA512 mRNA was obtained by 5'-RACE based on the 
public sequence NM_053881. Mutation of polypyrimidine tracts in rat 
ICA512 and PC2 mRNA 5'-UTRs was carried out with the QuikChange 
Site-Directed Mutagenesis Kit (Stratagene). For overexpression of 
elF4E the coding sequence was cloned into pcDNA3.1 (Invitrogen) 
using the Directional cloning kit. 

2.4. Transfection 

DNA was transiently transfected into MIN6 or INS-1 cells using an 
AMAXA electroporator, as described in Ref. [5]. siRNAs were trans- 
fected into MIN6 cells with Dharmafect 4 solution (Thermo Scientific). 
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Longer RNA molecules as well as the m 7 GpppG cap-analog were 
transfected using Lipofectamin 2000 (Invitrogen). 

2.5. Virus infection 

CVB5 F or MCA were propagated in GMK cells as described in Ref. [30]. 
For infection, 5 x 10 5 MIN6 cells were incubated with 2.25 x 10 5 
TCID 50 CVB5 F or MCA/5 x 10 5 cells as described in Ref. [30]. 

2.6. Protein analysis 

Cells and purified islets were extracted in lysis buffer [20 mM TRIS/HCI, 
pH 8.0, 140 mM NaCI, 1 mM EDTA, 1% Triton X-100, 1% protease 
inhibitor cocktail (Sigma) and 1% phosphatase inhibitor cocktail (Cal- 
biochem)]. Protein concentration in the detergent soluble material was 
measured by BCA assay (Pierce). Cell extracts were separated by SDS- 
PAGE and immunoblotted as described in Ref. [5]. Chemiluminescence 
was performed using the Supersignal West Pico Substrate (Pierce) and 
detected with a LAS 3000 Bioimaging System (Fuji). Total protein 
synthesis was validated by metabolic labeling of insulinoma cells with 
100 p.Ci 35 S-methionine/35 mm well for 2 h. After 5 washes the cells 
were extracted and the protein precipitated with 1 0% TCA. 

2.7. Immunocytochemistry 

MIN6 cells were grown on cover slides, fixed after treatments with 3% 
paraformaldehyde and permeabilized with 0.2% saponin. Immuno- 
staining, image acquisition and processing were performed as 
described in Ref. [5]. 

2.8. RNA interference 

Short interfering double-stranded RNA (siRNA) oligonucleotides for 
mouse elF4E (NCBI accession number NM_007917) were synthesized 
with the Silencer siRNA Construction Kit (Ambion) using the following 
primers: elF4E sense primer 1, 5'-aaccttcgattgatctctaagcccffiffcfc; 
elF4E antisense primer 1, 5'-aacttagagatcaatcgaaggccfc/fcfc; elF4E 
sense primer 2, 5'-aaggtgataagatagcaatatccfg , fcfc; elF4E antisense 
primer 2, S'-aaatattgctatcttatcaccccfgfcfc; elF4E sense primer 3, 5'- 
aagtctcattcgcctttgtctccfgfcfc; elF4E antisense primer 3, 5'-aaaga- 
caaaggcgaatgagacccfgffcfc. Control scrambled siRNA oligonucleotides 
were previously described in Ref. [5]. siRNA oligos for mouse PTBP1 
(NCBI accession number NM_008956) and the corresponding control 
siRNA were obtained from RIBOXX. 

2.9. Real-time PCR 

Total RNA from INS-1 cells was prepared with the RNeasy Kit (QIAGEN). 
1 p.g total RNA was reverse transcribed with Superscript II reverse 
transcriptase (Invitrogen) and oligo d(T) primer. mRNA levels were 
measured by quantitative real-time PCR with the qPCR GoTaq Kit 
(Promega) and a MX4000 Thermocycler (Stratagene). Normalization of 
real-time PCR data was performed by parallel amplification of rat P- 
actin mRNA. The used primers have been previously described in Ref. 
[10]. 

2.10. Luciferase assays 

INS-1 cells were co-transfected with firefly and renilla luciferase 
constructs. The firefly luciferase activity was measured 4 days after 
transfection and normalized versus that of renilla luciferase. Luciferase 
activity in MIN6 cells 1 day after transfection of reporter RNA was 
measured as for INS-1 cells. 

2.11. In vitro RNA binding assay 

The mRNA 5'-UTRs of ICA512, PC1/3, PC2, insulinl and 2 as well as 
CVB5 MCA RNA were biotinylated by T7 in vitro transcription (Biozym). 
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Dynabeads M270 streptavidin were loaded with 50 pmol biotinylated 
RNA, washed twice and then incubated with INS-1 and MIN6 cell 
extracts for 2 h. The beads were washed 3 times and the bound PTBP1 
was then analyzed by western blotting. 

2.12. Cap-binding assay 

elF4Eand associated proteins were isolated according to Ref. [31] using 
extracts from MIN6 cells incubated with 25 |xl of m 7 GTP-Sepharose for 
30 min. After 3 washes the beads were resolved in 50 ul 1 x SDS 
loading buffer and bound proteins were analyzed by western blotting. 

2.13. Insulin analysis 

Total insulin content in INS-1 cells and in the corresponding medium 
was measured with the Sensitive Rat Insulin RIA Kit (Millipore). For all 
experiments with MIN6 cells and mouse islets the Rat/Mouse proin- 
sulin and Rat insulin ELISA (Mercodia) were used. 

2.14. Statistics 

Statistical analyses were done by using ANOVA test (STAT PLUS:mac 
LE2009). Data were shown as means ± SD. Significance from at least 
3 independent experiments was indicated in the figures as follows: 
*p < 0.05, **p < 0.01 and ***p < 0.001 . 

3. RESULTS 

3.1 . The 5'-UTRs of mRNAs for granule proteins bind PTBP1 and 
display IRES activity 

Previous studies indicated that PTBP1 is critical for post-transcriptional 
up-regulation of proinsulin and other granule protein biosynthesis 
shortly after glucose stimulation [4,5]. Accordingly, glucose-stimula- 
tion of rat insulinoma INS-1 cells for 2 h led to a significant increase in 
the amounts of insulin1/2 and the secretory granule markers ICA512/ 
IA-2, PCI/3 and PC2 mRNAs co-immunoprecipitated with PTBP1 
(Figure 1 A and B and Supplementary Table 1). Conversely, comparable 
amounts of carboxypeptidase H/E (CPH) mRNA, which is not translated 
in a glucose-regulated fashion and lacks putative binding sites for 
PTBP1 [5], were co-immunoprecipitated with PTBP1 from extracts of 
resting and stimulated cells. 

The mRNA 5'-UTRs of rat insulinl and 2 contain a single poly- 
pyrimidine stretch conforming the "core" consensus (UUGUUCC) for 
PTBP1 -binding [32]. The mRNA 5'-UTRs of rat ICA512, prohormone 
convertase 1/3 (PCI/3) and 2 (PC2) (Figure 1 D and Figure S1 A), include 
instead one or more "extended" consensus (CYYYYCYYYYYG) for 
PTBP1 -binding [4]. In the case of the rat ICA512 mRNA the presence of 
this site was identified by 5'-RACE (Figure S1C). The interaction of 
PTBP1 with the mRNA 5'-UTRs of these granule markers, but not of y- 
tubulin, which lacks a predicted PTBP1 -binding site, was verified by 
in vitro RNA binding assays (Figure 1 D). Disruption of the single PTBP1 - 
binding motif in the 5'-UTRs of insulin2 and ICA512 mRNAs or of the 
corresponding sites 2 and 3 in rat PC2 mRNA reduced the recovery of 
PTBP1 (Figure 1C). Significantly more PTBP1 was recovered with the 
mRNA 5'-UTRs of insulinl, ICA512 and PC2, but not with those of 
insulin2, PCI/3 and y -tubulin, when this assay was performed using 
extracts from glucose-stimulated INS-1 cells as the source for PTBP1 
(Figure 1D and Figure S1D). Similar results were obtained by per- 
forming this assay with the 5'-UTRs of the corresponding mouse 
transcripts and extracts of mouse insulinoma MIN6 cells as the source 
for PTBP1 (Figure S1 A). The specific binding of PTBP1 to the mRNA 5'- 
UTRs of mouse insulin2, ICA512 and PC2 was corroborated by 
competitive displacement with the corresponding non-biotinylated 
mRNA 5'-UTRs (Figure S1B). 



In addition to RNA splicing and stability, PTBP1 promotes cap- 
independent translation by binding to IRES [15,33]. Inclusion of the 
5'-UTRs of rat insulinl and 2, ICA512 or PC2 mRNAs in firefly lucif- 
erase (FL) reporter constructs increased the expression/activity of FL in 
transfected INS-1 cells relative to the empty control vector (Figure 1 E). 
This increase was comparable with that observed upon inclusion in the 
FL reporter vector of the mRNA 5'-UTR of Mnt, which has been re- 
ported to be translated in a cap-independent fashion [34]. Glucose- 
stimulation of INS-1 cells augmented the FL activity when the re- 
porter vector included the 5'-UTRs of ICA512 or PC2 mRNAs 
(Figure 1F). Such increments, however, were specifically abolished 
upon knockdown of PTBP1 by 70% with a silencing hairpin (Figure 1 F, 
Figure S1 E and F). The glucose-dependent increase of FL activity was 
also not detected upon mutation of the PTBP1 -binding sites 
(Figure 1F). 

The presence of an IRES within a transcript can be investigated using 
bicistronic reporter vectors including the 5'-UTR of interest between 
the coding sequences for renilla luciferase (RL) and FL. We used this 
strategy to assess whether the mRNA 5'-UTRs of insulinl and 2, 
ICA512 and PC2 display IRES activity (Figure 1G). Consistent with 
previous data (Figure 1 E), their inclusion upstream of FL increased the 
expression of the latter in transfected INS-1 cells relative to the basic 
bicistronic vector (data not shown). To exclude that expression of FL 
reflected a read-through translation downstream of RL rather than the 
activity of an IRES introduced between the coding sequences for RL and 
FL, we transfected vectors in which the first AUG for RL was preceded 
by a hairpin that blocks ribosomal scanning (Figure 1G). The presence 
of this hairpin reduced indeed the expression of RL in all cases, while 
that of FL in the presence of insulinl and 2, \CA512, PC2or Mnt mRNA 
5'-UTRs was unchanged (Figure 1H). Another concern regarding the 
use of bicistronic vectors to test for IRES in eukaryotic transcripts is the 
potential inclusion of cryptic promoter elements within the intervening 
5'-UTRs [35]. To verify this possibility we quantified the levels of FL and 
RL transcripts upon silencing of the latter by RNA interference. 
Reduction of RL mRNA levels by 80%, as measured by qPCR, did not 
increase the FURL mRNA ratio, thus excluding the transcription of a 
capped monocistronic mRNA for FL alone (Figure S1 E). Taken together, 
these data imply that the 5'-UTRs of mRNAs for several granule pro- 
teins contain IRES and bind to the ITAF PTBP1 , which is critical for 
glucose-induced translation of these transcripts. 

3.2. Glucose-stimulated up-regulation of granule precursor 
biosynthesis is Rapamycin- and LY294002-insensitive 
Next, we employed MIN6 cells, another surrogate model of beta cells, 
to investigate whether glucose enhances the biosynthesis of insulin 
granule proteins by cap-dependent translation or by eliciting their 
IRES-mediated, cap-independent translation. As IRES-containing 
transcripts may escape repression of global translation in condition 
of endoplasmic reticulum (ER) stress [36] we first verified that in our 
experimental conditions glucose-stimulation did not elicit an unfolded 
protein response. In MIN6 cells stimulated with 25 mM glucose for 
2 h the ER stress markers phospho-elF2a and phospho-IRE1a were 
reduced compared with cells kept at rest without glucose or exposed to 
the ER stress inducer thapsigargin, while the levels of BIP were un- 
affected (Figure S2A). Unlike glucose starvation or thapsigargin 
treatment, glucose-stimulation also did not induce the splicing of Xbp1 
(Figure S2B). 

Mammalian target of Rapamycin complex 1 (mTORCI) play a key role 
in promoting cap-dependent translation downstream of nutrient and 
insulin receptor/AKT signalings. Specifically, mTORCI phosphorylates 
the regulators of translation p70S6 Kinase 1 (S6K1) and elF4E-BP/4E- 
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Figure 1: PTBP1 binds to the 5'-UTRs of mRNAs encoding SG proteins, (A) immunoblot for PTBP1 immunoprecipitated from extracts of resting or glucose-stimulated INS-1 cells. (B) Levels of 
mRNAs encoding SG proteins co-immunoprecipitated with PTBP1 were assessed by qPCR (n= 6), (C) The polypyrimidine tracts in the biotinylated 5'-UTRs of insulin2, ICA51 2 aivi PC2 mRNAs were 
mutated to verify with in vitro RNA binding assays the specific binding of PTBP1. (D) Left: Schemes of the mRNA 5'-UTRs of insulin! and 2, ICA512, PCI/3, PC2, and y -tubulin used for in vitro RNA 
binding assays. Polypyrimidine tracts are shown as black boxes. Right: The amount of PTBP1 recovered with the corresponding construct from extracts of INS-1 cells stimulated or not with 25 mM 
glucose was detected by immunoblottng. (E) Dual luciferase assays with the mRNA 5'-UTRs of ICA512, PC1/3, PC2 S insulinl and 2 and Mnt inserted into pGL3-B. In pGL3-B-PC2-mut the 
consensus for PTBP1 binding was mutated. The activity rato between firefly luciferase and the co-transfected renilla luciferase in the empty pGL3-B was set as 1 00%. (F) Dual luciferase assays in INS- 
1 cells depleted of PTBP1 with shRNA or treated for control with a scrambled (scr) shRNA. (G) Schemes of the pGL3-B bicistronic vectors. (H) Luciferase activity in INS-1 cell extracts. The values of the 
constructs lacking the hairpin (pGL3-B-RL and pGL3-B-RL-5'-UTR) were set as 1 00%, All luciferase assays were independently repeated 3 times in triplicates. Significance in (B) (E) (F) and (H) was 
determined by ANOVA test ('p < 0.05, "p < 0.01 , ""p < 0,001). 
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BP. As reported in Refs. [37,38], glucose-stimulation of MIN6 cells 
increased the phosphorylation of AKT and S6K1 (Figure S3A), the re- 
covery of elF4E with elF4G (Figure S3B) and global protein biosynthesis 
(Figure 2A). Conversely, inhibition of mTORCI with Rapamycin reduced 
S6K1 phosphorylation (Figure S3A), the recovery of the elF4E-elF4G 
complex (Figure S3B) and total protein biosynthesis (Figure 2A). 



Similarly, the PI3K/AKT inhibitor LY294002 reduced the levels of 
phosphoAKT and phosphoS6K1 (Figure S3A) and total protein 
biosynthesis (Figure 2A). Remarkably, however, neither Rapamycin nor 
LY294002 prevented glucose-stimulation from rapidly enhancing the 
levels of proinsulin (Figure 2B). Both drugs also did not inhibit the 
glucose-induced biosynthesis of prolCA512 and proPC1/3, as 
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Figure 2: Inhibition of mTOR does not affect glucose-stimulated translation of SG proteins. MIN6 cells were incubated with Rapamycin or LY294002 for 1 h before being glucose-stimulated. (A) Total 
protein biosynthesis as measured by 35 S-methionine incorporation (n = 3). (B) Total proinsulin as measured by ELISA (n = 3). (C) Autoradioagraphy and (D) corresponding immunoblots of pulse- 
chase labeled ICA51 2 and PC1/3. (E) Pulse-chase labeling of insulin in isolated mouse islets (n = 3) (F) Immunoblots and quantification (G) for SG proteins and y-tubulin on extracts of mouse isolated 
islets treated with Rapamycin and LY294002 before glucose-stimulation (n = 3). 
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assessed either with conventional S-metabolic labeling followed by 
immunoprecipitation and autoradiography (Figure 2C) or immuno- 
blotting of the cell extracts (Figure 2D). Analysis by immunoblotting 
revealed that also granule precursor proteins proChromogranin A 
(proCgA), and proPC2 (Figure S3C and D) were also up-regulated by 
glucose-stimulation in a Rapamycin- and LY294002-insensitive 
fashion, although the increase of proPC2, unlike that of the other 
granule markers, was not always statistically significant (Figure S3D). 
Similarly, glucose-induced up-regulation of prolCA512 and proCgA 
expression in INS-1 cells was insensitive to either Rapamycin or 
LY294002 treatments (Figure S3E). The observed increments of 
granule precursor proteins, as revealed by immunoblotting, resulted 
clearly from denovo biosynthesis, as verified by inhibition of translation 
with cycloheximide (Figure S3F and G). Importantly, also in mouse 
islets the glucose-stimulated up-regulation of insulin (Figure 2E) and 
several other granule cargoes (Figure 2F and G) was insensitive to 
Rapamycin or LY294002, despite their ability to inhibit phosphorylation 
of S6K1 , and also of AKT in the specific case of LY294002 (Figure 2F). 
Taken together, these results support the possibility that glucose- 
stimulation enhances the biosynthesis of granule cargoes in a cap- 
independent fashion. 

3.3. Glucose-stimulated up-regulation of granule precursor 
biosynthesis is insensitive to pharmacological inhibition of elF4E 
activity 

To investigate further this hypothesis MIN6 cells were treated with an 
elF4E/elF4EG inhibitor, which reduced the glucose-stimulated binding 
of elF4G to elF4E (Figure S4A). In elF4E/elF4EG inhibitor treated cells 
glucose-stimulated global protein translation was blunted relative to 
untreated MIN6 (Figure 3A) and INS-1 (not shown) cells. However, 
treatment with the elF4E/elF4G inhibitor did not impair glucose-induced 
biosynthesis of prolCA512 and proPC1/3 as assessed again with either 
pulse-chase labeling (Figure 3B) or immunoblotting of the same cell 
extracts (Figure 3C). A similar behavior was observed for proCgA and 
proPC2 (Figure S4B and C). The persistent elevated expression of these 
granule precursor proteins upon treatment with the elF4E/elF4G did not 
result from inhibition of their processing along the secretory pathway. 
Indeed, treatment with furin inhibitor 1, which inhibits protein con- 
vertases, could enhance prolCA512 and proPC1/3 levels above those 
found in cells treated with elF4E/elF4G inhibitor alone (Figure 3B and C). 
As in MIN6 cells, treatment of mouse islets with elF4E/elF4G inhibitor 
did not downregulate the glucose-enhanced biosynthesis of insulin 
(Figure 3D) and other granule cargoes (Figure 3E and F). 
As an additional pharmacological method to verify the cap- 
independent translation of insulin granule cargoes, both MIN6 and 
INS-1 cells were transfected with m 7 GpppG, which competes with the 
7-methyl-guanosine triphosphate cap-structure at the 5'-end of 
mRNAs for the binding to elF4E. Transfection of this cap-analog was 
also unable to prevent up-regulation of granule precursor proteins in 
response to glucose in both MIN6 (Figure S4D and S4E) and INS-1 cells 
(Figure S4F), despite the ability to inhibit enhancement of global protein 
synthesis (Figure S4G). 

3.4. Glucose-stimulated up-regulation of granule precursor 
biosynthesis is insensitive to genetic modification of elF4E 
expression 

Next, the ability of glucose to rapidly stimulate cap-independent 
translation of insulin granule proteins was investigated genetically by 
knockdown of elF4E in MIN6 (Figure 4A) or INS-1 (Figure S5A-C) cells. 
Glucose-stimulation enhanced the phosphorylation of elF4E (Figure 4A), 
thereby increasing its affinity for the mRNA 5'-cap. As reported in Ref. 
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[39], we verified that knockdown of elF4E reduced cell replication, as 
measured by counting BrdU + MIN6 and INS-1 cells (Figure S5D and E). 
Silencing of elF4E lowered also glucose-stimulated translation in both 
cell lines (Figure 4B and Figure S5F). However, elF4E-depletion did not 
prevent glucose-stimulation from significantly upregulating the levels of 
total proinsulin and other granule markers in MIN6 cells (Figure 4C-E). 
Similarly, prolCA512 and proCgA were induced in glucose-stimulated, 
elF4E-depleted INS-1 cells (Figure S5G). 

Similarly, we analyzed glucose-induction of granule markers in MIN6 
cells overexpressing elF4E tagged at its C-terminus with a V5-epitope 
(elF4E-V5). This tag did not prevent elF4E-V5 from binding to the cap- 
structure and dissociating from elF4E-BP in a glucose-regulated 
fashion (Figure 5A). While overexpression of elF4E-V5 increased cell 
replication (Figure S5H and I) and global protein translation (Figure 5B), 
it did not enhance glucose-induced biosynthesis of proinsulin 
(Figure 5C) and other granule precursor proteins (Figure 5D and E) 
relative to control cells. Hence, both pharmacological and genetic 
treatments consistently indicate that glucose-stimulation rapidly en- 
hances the biogenesis of insulin granules by promoting the translation 
of their secretory cargoes in a cap-independent fashion. 

3.5. Glucose-stimulated up-regulation of granule precursor 
biosynthesis is insensitive to inhibition of cap-dependent translation 
by Coxsackieviruses 

Coxsackieviruses (CVs) belong to the family Picornaviridae and have 
been often being implicated as potential triggering or precipitating 
agents for autoimmunity in type 1 diabetes. As their genome is a 
positive-sense single-stranded RNA lacking the 5' -cap, CVs strictly 
depend on cap-independent translation for replication and potently 
inhibit cap-dependent translation in the host cells. Interestingly, PTBP1 
has been shown to acts as ITAF for cap-independent translation of 
several Picornaviruses [40]. To test if and how CVs interferes with 
glucose-stimulated granule biogenesis, we infected MIN6 cells with 
either Coxsackievirus B5 Faulkner (CVB5 F) or MIN6 cell adapted (CVB5 
MCA). The latter serotype was isolated from human subjects and 
selected for its ability to infect mouse insulinoma cells [30]. To verify first 
the modalities of MIN6 cell infection with CVB5 F and MCA we monitored 
the expression of their capsid protein VP1 (Figure 6B and Figure S6B). 
Increased labeling of infected MIN 6 cell cultures with ethidium 
homodimer III suggested that both serotypes induced necrosis 
(Figure 6A), but not apoptosis, as the cell surface staining with Annexin V 
was negative (Figure 6A). Unlike Staurosporin, which induces apoptosis, 
CVB5 F and MCA-infected MIN6 cells were also negative for TUNEL 
(Figure S6A), and for the cleavage of Caspase 3 and PARP (Figure S6B). 
As described for HeLa cells infected with other Picornaviruses [19], 
CVB5 F or MCA infection of MIN6 cells led instead to the cleavage of 
elF4G (Figure 6B and C) and poly(A)-binding protein (PABP) (Figure 6B). 
Proteolysis of elF4G prevents its interaction with elF4E, whereas 
cleaved PABP cannot bind to elF4G, thereby precluding the assembly of 
the elF4E/elF4G/PABP complex required for cap-dependent translation. 
Accordingly, the recovery of elF4G with the cap-structure was abol- 
ished in CVB5 F- and MCA-infected MIN6 cells (Figure 6C). To verify 
the impact of CVB5 F and MCA on translation, MIN6 cells were then 
transiently transfected with in vitro transcribed RNAs for FL including or 
lacking the 5'-cap (Figure 6D). In infected cells cap-dependent and 
-independent translation of these reporter constructs were either 
reduced or increased, respectively (Figure 6E), consistent with the 
expectation that CVs inhibit the former, but not the latter. 
The 5'-UTRs of CVB5 F and MCA contain 3 putative PTBP1 -binding 
sites, with the one most proximal to the initiation codon being the 
least conformed to the consensus for PTBP1 -binding (Figure 6F). Using 
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total protein extracts of MIN6 cells for in vitro RNA binding assay, we 
confirmed the interaction of PTBP1 with the biotinylated 5'-UTR of 
CVB5 MCA (Figure 6G). Moreover, in PTBP1 -depleted MIN6 cells the 
expression of CVB5 F and MCA, as measured based on VP1 levels, was 
impaired (Figure 6H and I). In non-infected MIN6 cells, PTBP1 is mostly 
restricted to the nucleus (Figure 6J). However, in MIN6 cells infected 
with either CVB5 F- or MCA-PTBP1 was detected throughout the 
cytoplasm, while its nuclear pool was drastically depleted. Seques- 
tration of PTBP1 in the cytosol is conceivably instrumental to support 
the high demand for cap-independent translation of the virus genome. 
Having shown that CVB5 F and MCA are powerful inhibitors of cap- 
dependent translation in insulinoma cells, while requiring PTBP1 for 
their own translation, we investigated if they affected glucose-induced 
translation of granule proteins. Both viruses impaired glucose- 
stimulated translation in MIN6 cells (Figure 7A), but not that of pro- 
insulin (Figure 7B), prolCA512, proCgA, proPC1/3 and proPC2 
(Figure 7D and E). Similar observations were made in isolated mouse 



islets infected with CVB5 MCA (Figure 7F, G and H). Remarkably, 
however, infection of MIN6 cells correlated with depletion of the 
converted, mature granule cargoes insulin (Figure 7C and Figure S6C), 
ICA51 2-TMF and PC2 (Figure 7D). As infected cells released less in- 
sulin compared with control cells (Figure S6E) the depletion of these 
granule markers could not result from granule exocytosis. Depletion of 
mature granule markers was also not secondary to inhibition of their 
conversion, since in CVB5-infected cells, unlike in cells treated with 
furin inhibitor 1 , the levels of the corresponding proproteins were not 
increased (Figure S6D). Notably, the levels of insulin, ICA51 2-TMF and 
PC2 were also reduced in resting CVB5-infected MIN6 cells relative to 
resting, non-infected islets (Figure 7C and D). Hence, we conclude that 
CVB5 infection of beta cells, which blocks cap-dependent translation, 
does not inhibit glucose-stimulated biosynthesis of granule precursor 
proteins, but reduces nevertheless insulin stores, conceivably by tar- 
geting granule proteins for destruction prior or after their conversion 
along the secretory pathway. 
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4. DISCUSSION 

In this manuscript we provide compelling evidence that rodent insu- 
linoma MIN6 and INS-1 cells as well as isolated mouse pancreatic 
islets exploit cap-independent translation for rapid up-regulation of 
insulin granule biosynthesis in response to glucose-stimulation. 
Mechanistic studies in insulinoma cells further indicate that this 
dedicated pathway is PTBP1 -dependent. The mRNAs of insulinl and 2 
and several other granule cargoes, including ICA512, CgA, PC1/3 and 
PC2, were shown to contain PTBP1 -binding sites in their 5'-UTR and to 
rely on the activity of PTBP1 as an ITAF for their translation. These 
findings, therefore, extend those of a previous study in which evidence 
for cap-independent translation was provided for human insulin mRNA 
alone [29] in conditions of pharmacologically induced nitrosative 
stress. At variance with that study, we could show that glucose 
stimulation increases the binding of PTBP1 to the 5'-UTRs of mRNAs 
for granule components in vitro, and in the case of insulin and ICA51 2, 



also in cells. Unlike previously suggested, we also did not find evidence 
pointing to insulin biosynthesis being mainly cap-dependent in the 
absence of stress. On the contrary, all data independently obtained 
upon pharmacological inhibition of cap-dependent translation with 
Rapamycin, LY294003, elF4E/4G inhibitor or m 7 GpppG, or alteration of 
elF4E expression point to cap-dependent translation being irrelevant 
for the biosynthesis of the investigated granule proteins. Our findings 
could also provide a mechanistic explanation for the inability of 
Rapamycin to inhibit proinsulin biosynthesis not only in islets from 
Akita mice, but also in unstressed islets from control mice [41]. A 
correlate of these findings is that the rate of insulin granule biosyn- 
thesis is mainly susceptible to changes in glycemia rather than on 
pathways regulating global protein biosynthesis, such as insulin re- 
ceptor signaling. Accordingly, pharmacological depolarization of beta 
cells with agents such as high potassium effectively triggers insulin 
release, but unlike glucose, does not induce biosynthesis of granule 
proteins. 
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Translation of eukaryotic transcripts is typically cap-dependent. Cap- 
independent translation is commonly regarded to be an exception 
exploited only in the case of unusually long 5'-UTRs (>500 bps), which 
may interfere with efficient initiation due to their length and secondary 
structures, and for cell protection in conditions of stress and global 
inhibition of protein synthesis, such as hypoxia, amino acid starvation 
and apoptosis [35]. The first case is unlikely to account for our find- 
ings, as the 5'-UTRs of insulin and the other granule cargo mRNAs 
investigated here are short, ranging between 60 and 322 bps. On the 
other hand, hyperglycemia per se could be considered as a stress 
condition for beta cells, the relief of which depends on increased in- 
sulin output. Thus, also in this case the tenet of cap-independent 
translation being a protective mechanism would hold true. At vari- 
ance with our findings, Lipson and coworkers reported that short-term 
glucose-stimulation of isolated mouse islets and INS-1 cells induced 
phosphorylation of IRE1 a [44]. Intriguingly, however, that IRE1a 
phosphorylation rather than been a sign of ER stress, was instrumental 
for the selective up-regulation of insulin biosynthesis and secretion. 
Hence, despite the apparent discrepancy on glucose-induced IRE1 a 
phosphorylation, possibly due to experimental conditions, both studies 
reached the conclusion that transient glucose-stimulation does not 
elicit a conventional ER-stress response. 
Being pivotal for translation of insulin, by far the most abundant protein 
produced by beta cells, it is not surprising that PTBP1 is also exploited 
by EVs such as CVBs for their own propagation in these cells. This 
convergence may actually account, at least in part, for their beta cell 
tropism. Strikingly, however, hijacking of PTBP1 by CVB did not 
competitively reduce the glucose-stimulated biosynthesis of granule 
precursor proteins. Most likely this was due to the massive nucleocy- 
toplasmic redistribution of PTBP1 in infected cells. Even more strikingly, 
we found that in CVB5-infected cells the levels of mature granule 
proteins, and thus of the insulin stores, were dramatically decreased, 
although their translation was unaffected. As infected cells released 
much less insulin, this reduction cannot be explained with a paroxysmal 
exocytic activity. Impaired conversion after CVB infection is also un- 
likely, as the levels of granule proproteins in infected cells were not 
increased, as instead was the case in infected cells treated with a 
prohormone convertase inhibitor. Therefore the only suitable explana- 
tion is that virus infection targets either precursor or mature granule 
proteins to intracellular degradation along the secretory pathway. It 
would be interesting to investigate whether in beta cells infected with 
presumed diabetogenic EVs this phenomenon, concomitantly with 
decreased translation of housekeeping proteins and increased MHC I 
expression [42,43], favors the antigenic presentation of granule-derived 
peptides at the cell surface and thus accounts for the preferential loss of 
tolerance toward granule antigens in type 1 diabetes [45]. 

5. CONCLUSION 

Regulation of insulin translation is key for understanding the physiology 
of pancreatic beta cells and their failure in diabetes. This study dem- 
onstrates that beta cells selectively exploit cap-independent translation 
to rapidly upregulate the biosynthesis of insulin and other insulin 
granule cargoes and illustrates how this process may be influenced by 
diabetogenic viruses. Evidence that rapamycin, which impairs prolif- 
eration of transplanted beta cells [46], does not block glucose- 
stimulated insulin production can be of clinical interest, since this 
immunosuppressive drug is commonly administered to type 1 diabetic 
patients undergoing islet transplantation. Furthermore our results 
suggest that antiviral therapies targeting cap-independent translation 
may have a detrimental impact on insulin granule biosynthesis. 
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